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GABA-containing interneurons are adiversepopulationof cellswhoseprimarymodeof action in thematurenervous system is inhibition
of postsynaptic target neurons. Using paired recordings from parvalbumin-positive interneurons in the basolateral amygdala, we show
that, in a subpopulation of interneurons, single action potentials in one interneuron evoke in the postsynaptic interneuron a monosyn-
aptic inhibitory synaptic current, followed by a disynaptic excitatory glutamatergic synaptic current. Interneuron-evoked glutamatergic
events were blocked by antagonists of either AMPA/kainate or GABAA receptors, and could be seen concurrently in both presynaptic and
postsynaptic interneurons. These results show that single actionpotentials in aGABAergic interneuron candrive glutamatergic principal
neurons to threshold, resulting in both feedforward and feedback excitation. In interneuron pairs that both receive glutamatergic inputs
after an interneuron spike, electrical coupling and bidirectional GABAergic connections occur with a higher probability relative to other
interneuron pairs. We propose that this form of GABAergic excitation provides a means for the reliable and specific recruitment of
homogeneous interneuron networks in the basal amygdala.
Key words: axoaxonic; fear; network; learning; excitation; depolarization
Introduction
GABAergic neurons are local circuit inhibitory cells that exhibit
diverse morphological, biochemical, molecular, and synaptic
properties (Freund and Buzaki, 1996; McBain and Fisahn, 2001;
Markram et al., 2004; Somogyi and Klausberger, 2005). For these
cells, the anatomical location of the GABAergic synapses on the
postsynaptic cell in large part determines the functional impact of
interneuronal activity on the target neuron. Thus, interneurons
targeting perisomatic regions are strategically placed tomodulate
somatic action potential generation (Cobb et al., 1995; Miles et
al., 1996), whereas those terminating more distally may prevent
dendritic action potentials (Miles et al., 1996), modulate the in-
duction of glutamatergic synaptic plasticity (Magee and
Johnston, 1997), or gate the transfer of information along the
somatodendritic axis (Buzsaki et al., 1996). At the network level,
these effects are facilitated by the presence of chemically and
electrically connected networks of homogeneous interneuron
populations (Galarreta and Hestrin, 1999; Gibson et al., 1999;
Hestrin andGalarreta, 2005), allowingwidespread control of glu-
tamatergic principal neuron activity.
Despite this diversity, all inhibitory interneurons above the
brainstem release GABA at their synaptic terminals, activating
ionotropic, chloride-permeable GABAA receptors. In immature
neurons, the transmembrane chloride gradient favors chloride
efflux and results in cell depolarization (Ben-Ari, 2002). With
development, increased expression of the K–Cl cotransporter
KCC2 leads to a decrease in intracellular chloride concentration,
creating a more hyperpolarized chloride reversal potential (ECl),
thus switching GABAergic effects from depolarizing to hyperpo-
larizing (Rivera et al., 1999). As a result, interneurons in the ma-
ture brain are thought to play a primarily inhibitory role in syn-
aptic integration by shunting excitation. However, exceptions to
a hyperpolarizing role for GABA have been described under both
pathological (Cossart et al., 2005) and physiological (Marty and
Llano, 2005) conditions. Most instances of depolarizing GABA
actions during nonpathological states have been reported after
intense or prolonged activation of GABAA receptors (Alger and
Nicoll, 1979, 1982; Staley et al., 1995; Kaila et al., 1997), and are
thought to result from a breakdown of the chloride gradient,
followed by efflux of bicarbonate anions through open GABAA
channels (Staley et al., 1995). However, two recent studies have
reported increased postsynaptic spiking after single-pulse stimu-
lation of GABAergic neurons in adult cerebellum (Chavas and
Marty, 2003) and cortex (Gulledge and Stuart, 2003).
Here, we describe a potent excitatory effect of a subpopulation
of GABAergic interneurons in the basal nucleus of the amygdala
(BL).Usingmice that express enhanced green fluorescent protein
(EGFP) under the control of the parvalbumin promoter (Meyer
et al., 2002), we show that a single action potential in a parvalbu-
min expressing (PV) interneuron can evoke a rapid, biphasic,
outward/inward current sequence in postsynaptic PV interneu-
rons. Outward currents are monosynaptic GABAergic events,
whereas inward currents are disynaptic and caused by activation
of AMPA receptors, suggesting the recruitment of glutamatergic
neurons. Using paired recordings from interneuron pairs, we
further show that interneurons connected by electrical or
GABAergic synapses receive simultaneous excitation from acti-
vated principal neurons. We therefore propose that this form of
GABAergic excitation will allow the synchronous recruitment of
interneuron networks.
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Materials andMethods
Electrophysiology. All procedures were conducted in accordance with the
AustralianCode of Practice for the Care andUse of Animals for Scientific
Purposes, and were approved by the University of Queensland Animal
Ethics Committee. Coronal brain slices containing basolateral amygdala
were made from 16- to 25-d-old mice that expressed EGFP under the
control of the parvalbumin promoter (Meyer et al., 2002). Heterozygous
PV-EGFP animals were bred with BALB/c mice and PV-EGFP animals
identified by examining the fluorescence in skeletal muscle on their ears
using a UV lamp. After halothane anesthesia, animals were decapitated,
and the brain was rapidly removed and placed in ice-cold, oxygenated
artificial CSF (aCSF) containing the following (in mM): 118 NaCl, 2.5
KCl, 25 NaHCO3, 10 glucose, 1.3 MgCl2, 2.5 CaCl2, and 1.2 NaH2PO4.
Slices (300 m) were cut on a vibratome (Dosaka, Kyoto, Japan) and
incubated at 32°C for 30min before being allowed to equilibrate at room
temperature for at least an additional 30 min.
During recording, slices were perfused with heated aCSF (34 2°C).
Recording pipettes (3–5 M) fabricated from borosilicate glass were
filledwith an intracellular solution containing the following (inmM): 135
KMeSO4, 8 NaCl, 10 HEPES, 2 Mg2ATP, 0.3 Na3GTP, 0.1 spermine, 7
phosphocreatine, and 0.3 EGTA. In some experiments, neurobiotin
(0.2%) was also included in the internal solution. PV-EGFP neurons
were visualized using an upright microscope (Olympus BX50WI; Olym-
pus Optical, Tokyo, Japan) equipped with a fluorescence attachment.
Paired whole-cell recordings were made using Axopatch 1D and Axo-
patch 200B amplifiers (Molecular Devices, Foster City, CA). Signals were
filtered at 5 kHz and digitized at 10 kHz using an ITC-16 board (In-
struTech, Port Washington, NY). Data acquisition and analysis were
performed using Axograph (Axograph Scientific).
Cells included in this studywere restricted to those exhibiting an initial
resting membrane potential more hyperpolarized than –55 mV. Imme-
diately after breakthrough, cells were injected with 600ms current pulses
(100 to 700 pA; 50 pA increments) to confirm interneuron identity.
Presynaptic interneurons were injected with a 2 ms, 2 nA current to
evoke an action potential. For voltage-clamp recordings, the postsynap-
tic cell was held at –60mV for AMPA/kainate currents and at –40mV for
GABAA currents, unless otherwise indicated. IPSC and EPSC latency was
measured from the peak of the presynaptic action potential to the
onset of the postsynaptic event. Spontaneous synaptic events were
detected using the template detection software in Axograph. Ampli-
tudes of IPSCs and EPSCs were calculated by averaging all responses
(excluding failures).
Immunocytochemistry. For neurons filled with neurobiotin, slices were
fixed overnight in 4% paraformaldehyde and resectioned at 100 m.
Neurons were visualized using the avidin-biotinylated horseradish per-
oxidase reaction with nickel intensification (Vectastain ABC Elite kit;
Vector Laboratories, Burlingame, CA). Slices were soaked overnight in
avidin–horseradish peroxidase. After washing in Tris buffer (0.1 M; pH
7.4), filled cells were visualized using the diaminobenzidine procedure.
Slices were then mounted on albumin-coated slides, dried overnight,
dehydrated in an ascending series of alcohols, cleared in xylene and cov-
erslipped in Permount. For immunohistochemistry, slices were perme-
abilized in blocking buffer (PBS plus 0.1% Triton X-100, 2% fetal calf
serum, 2% goat serum, 2% BSA) for 30 min, and then incubated
overnight at 4°C with a mouse monoclonal parvalbumin antibody
(Sigma-Aldrich, St. Louis, MO) (1:2000 dilution in blocking buffer).
Incubated slices were washed three times for 15 min in PBS, and then
incubated at room temperature for 1 h in Alexa Fluor 350-conjugated
goat anti-mouse IgG (HL; 1:1000 in blocking buffer; Invitrogen,
San Diego, CA) and streptavidin Alexa Fluor-568 (1:500 in blocking
buffer; Invitrogen). Slices were washed three times for 15 min in PBS,
and then briefly in distilled water before being transferred to slides,
where they were mounted in fluorescent mounting medium (Dako-
Cytomation, Carpinteria, CA), coverslipped, and analyzed using an
upright fluorescence microscope (Zeiss Axioplan 2; Zeiss, Go¨ttingen,
Germany).
Results
Interneurons evoke feedforward glutamatergic excitation
Simultaneous dual recordings were made from 162 pairs of PV
interneurons (Fig. 1a). In the majority of synaptically connected
pairs (n 46), single action potentials in the presynaptic neuron
evoked a synaptic current in the voltage-clamped postsynaptic
neuron that occurred with fixed latency, reversed near the chlo-
ride equilibrium potential (Fig. 1b), and was blocked by the
GABAA receptor antagonist bicuculline (10M; n 4), confirm-
ing it as an IPSC.However, in 10 pairs, a single presynaptic action
potential evoked a delayed inward current in the postsynaptic
interneuron. In 6 of these 10 pairs, an outward current preceded
the inward current, resulting in a biphasic outward–inward cur-
rent sequence at a holding potential of40 mV (Fig. 1c). As for
the GABAergic IPSC, the outward current occurred with a fixed
latency. In contrast, the inward current occurred with a fluctuat-
ing delay andwas unreliable relative to the IPSC, displayingmany
failures. In cases in which both outward and inward components
were present, shunting of the IPSC was clearly evident in the
average trace (Fig. 1c). Hyperpolarization of the postsynaptic cell
to90mV reversed the initial outward current, as expected for a
GABAergic IPSC, and increased the amplitude of the delayed
inward current (Fig. 1d).
At a holding potential of 40 mV, the average latency of the
IPSCwas 0.50 0.06ms (n 6) and had a SD (synaptic jitter) of
0.23  0.07 ms (n  6) (Fig. 2a). In comparison, the inward
current had a significantly larger average latency (2.9  0.3 ms;
n 8; p 0.001) and SD (0.51 0.07 ms; n 8, p 0.02) (Fig.
2b). Application of the AMPA/kainate receptor antagonist
6-nitro-7-sulfamoylbenzo(f)quinoxaline-2,3-dione (NBQX) (10
M) selectively abolished the delayed inward current (n 5) and
the remaining outward current could subsequently be blocked by
the GABAA receptor antagonist bicuculline (Fig. 2c). TheNBQX-
sensitive component, obtained by digital subtraction, had a decay
time constant of 2.8 0.5 ms (n 5), similar to that of sponta-
neous EPSCs in interneurons (2.3  0.2 ms; n  14; p  0.05)
(Mahanty and Sah, 1998).
These data show that single action potentials in PV inter-
neurons can evoke a monosynaptic, time-locked GABAergic
IPSC followed by a delayed, fluctuating glutamatergic EPSC in
another PV interneuron.
What is the origin of this EPSC? As parvalbumin-positive in-
terneurons make extensive inhibitory connections onto local
principal neurons (Smith et al., 1998), GABAergic inhibition of
an intermediary principal neuron may be followed by a rebound
action potential in the glutamatergic cell (Cobb et al., 1995),
causing release of glutamate onto the postsynaptic interneuron.
However, the relatively rapid latency of the EPSC (2.5 ms) is
inconsistent with this possibility because IPSPs recorded in prin-
cipal neurons lasted50ms (A. R.Woodruff and P. Sah, unpub-
lished observations). A second possibility is that, as for mossy
fibers in the hippocampus (Ruiz et al., 2003), GABA and gluta-
mate may be coreleased at some synapses of parvalbumin-
expressing neurons, with glutamate release being delayed and
asynchronous. However, this is unlikely because application of
bicuculline blocked both the GABAergic IPSC and the inward
AMPA current (n  4) (Figs. 2c, 5a). We therefore suggest that
the delayed fluctuating EPSC arises through direct GABAergic
excitation of a local glutamatergic neuron to threshold that in
turn innervates the postsynaptic interneuron. The delayed and
variable onset of the inward current is consistent with its disyn-
aptic nature (Pouille and Scanziani, 2001).
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Interneurons evoke feedback glutamatergic excitation
We have shown that single action potentials in some PV inter-
neurons can evoke a disynaptic feedforward EPSC in a nearby
PV interneuron. In a population of PV interneurons, feed-
back excitation was also apparent, so that single action potentials
in these cells were followed by an EPSP (Fig. 3a). These EPSPs
increased in amplitude with hyperpolarization, andwere blocked
byNBQX (n 3), confirming that theywere glutamatergic. They
were also abolished by bicuculline (see Fig. 5a), indicating they
were feedback EPSPs that arose via direct GABAergic depolariza-
tion of a BL glutamatergic neuron. To examine the properties of
this feedback excitation, we voltage clamped interneurons at a
holding potential of 70 mV. Delivery of a brief depolarizing
voltage step (70mV; 0.5ms) resulted in an
unclamped “action current” that was fol-
lowed by a feedback EPSC (Fig. 3b). Trials
inwhichEPSCswere not present (failures)
were averaged, and individual trials of
EPSC successes subtracted from the fail-
ure average to reveal the pure feedback
EPSC (Fig. 3b). The average amplitude of
this feedbackEPSCwas 75.4 18.1 pA (n
7), considerably larger than the amplitudeof
spontaneous EPSCs recorded in the same
neurons (29.5 1.3 pA; n 7) (Fig. 3c). As
for the feedforward EPSC, this EPSC dis-
played a high failure rate and fluctuated in
latency (Fig. 3b,c). Because of this large fluc-
tuation in latency, averaged feedback EPSCs
displayed a noticeably slower 10–90% rise
time than the averaged spontaneous EPSCs
(Fig. 3c). However, both the rise times and
decay time constant of individual feedback
EPSCs were similar to those of spontaneous
EPSCs (Fig. 3d,e) showing that the slow rise
time of the averaged feedback EPSC results
fromtheonset jitter of theunderlying events
and is not attributable to a different receptor
mechanism or preferential distal location of
feedback EPSCs.
Recently, cortical axoaxonic interneu-
rons (AACs) that make “chandelier” syn-
apses on the axon initial segment of pyra-
midal neurons (Howard et al., 2005) have
been found to depolarize local pyramidal
neurons because of a positively shifted
GABAA reversal potential at the axon ini-
tial segment (Szabadics et al., 2006).
Chandelier synapses have also been de-
scribed in the amygdala, and these termi-
nals are known to express parvalbumin
(Kemppainen and Pitkanen, 2000;
McDonald and Betette, 2001;Muller et al.,
2006). Because cortical AAC interneurons
express parvalbumin (Howard et al.,
2005), we tested whether interneurons
that provide disynaptic excitation in the
amygdala may also make chandelier syn-
apses. We therefore reconstructed inter-
neurons that showed feedback excitation
(Fig. 4a) after loading them with the
marker neurobiotin (see Materials and
Methods). Reconstructions of interneu-
rons that displayed feedback EPSCs (n  4) revealed that, in all
such cells, rows of closely spaced boutons, termed cartridges
(Kemppainen and Pitkanen, 2000; McDonald and Betette, 2001),
couldbeobserved(Fig. 4c–f). Inaddition, all suchcells alsoexhibited
rings of boutons that are characteristic of basket cells (McDonald
and Betette, 2001) (Fig. 4e,f), indicating that these interneurons
make both basket and cartridge synapses. As described previously in
the BL (McDonald and Betette, 2001), pericellular baskets could be
seen that appear to be continuouswith an axonal cartridge (Fig. 4e).
We therefore suggest that, as in the cortex, cartridge synapses of
parvalbumin-expressing interneurons,which terminateon the axon
initial segment of local glutamatergic neurons (Muller et al., 2005),
are the likely source of GABAergic excitation in the basal amygdala.
Figure 1. Single interneuron action potentials evoke biphasic currents in postsynaptic interneurons. a, GFP-expressing neu-
rons show electrophysiological responses typical of interneurons. Illustrated is the voltage response to a 600 ms suprathreshold,
depolarizing current injection. All recordedneurons expressedGFP (green). In some recordings (n 4), neuronswere loadedwith
neurobiotin (red). Theseneuronswerepositive for parvalbumin (blue), confirming theyareparvalbumin-expressing interneurons.
b, Paired recordings from two EGFP-positive interneurons (top). Traces below show the current response in the voltage-clamped
postsynaptic cell at holding potentials of40 and90 mV (bottom traces) to a single action potential in the presynaptic
interneuron (top trace). The current–voltage relationship of the postsynaptic current is shown in the bottompanel. c, Interneuron
pairs show biphasic currents. Single action potentials evoked in the presynaptic interneuron evoke two types of responses in a
voltage-clamped postsynaptic interneuron (Vh, 40 mV). Traces on the left show time-locked outward current responses,
whereas traces on the right show responses that are also accompanied by a delayed inward current. The average current in each
case is shown in the bottom trace. The bottom panel shows overlay of averaged traces in which there were EPSC failures (thick
black), EPSC successes (gray), or the average for all trials (thin black). Note the faster kinetics of the synaptic currentwhen all trials
are averaged.d, Only the early synaptic current reverses at the chloride equilibriumpotential. Averaged postsynaptic responses in
a voltage-clamped postsynaptic interneuron to a single action potential in the presynaptic interneuron. Note the dual component
response. Hyperpolarization of the postsynaptic neuron to90 mV reversed the initial component and increased the amplitude
of the delayed inward current. The shaded region is expanded at the bottom to demonstrate the delay of the large inward
component.
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GABAergic excitation leads to recruitment of
interneuron networks
As shown above, action potentials in some PV interneurons
were followed by feedback excitation of variable amplitude. In 5
of 10 paired recordings, these feedback EPSPs occurred simulta-
neously with feedforward EPSPs recorded in the postsynaptic
interneuron. Both presynaptic and postsynaptic EPSPs were
abolished by bicuculline (Fig. 5a). In some pairs (n  2), when
the postsynaptic neuron was voltage clamped, feedback EPSPs in
the presynaptic neuron were time-locked to the AMPA current
recorded in the postsynaptic neuron (Fig. 5b). Furthermore, in
these pairs, failure of the inward current in the postsynaptic cell
was accompanied with failure of the EPSP in the presynaptic
neuron, indicating that the same excitatory neuron is evoking
both the presynaptic depolarization and the postsynaptic cur-
rent. In four of the five pairs (80%) that exhibited both feedfor-
ward and feedback excitation, the two interneurons were also
connected bidirectionally by GABAergic synapses (Fig. 5c). Of
the remaining pairs (n 5) that exhibited only feedforward ex-
citation, none showed bidirectional GABA synapses. In compar-
ison, of all recorded interneuron pairs (n  162), only six were
reciprocally connected with GABAergic synapses. Thus, the
probability of bidirectional GABAergic connectivity is greatly en-
hanced in interneuron pairs exhibiting both disynaptic feedfor-
Figure 2. Delayed inward current is disynaptic and glutamatergic. a, The latency of the
delayed inward current shows a larger variability. Top panels show overlaid fast-latency out-
ward responses at a holding potential of40mV to a single action potential in the presynaptic
neuron. The bottom panel shows overlaid delayed inward current responses recorded at a
holding potential of60mV to an action potential in the presynaptic neuron. Averaged traces
are shown below. The small inward current in the postsynaptic neuron simultaneous with the
presynaptic action potentials is attributable to transmission of the action potential via a con-
nected gap junction. The panels on the right showhistogramof latencies.b, Average responses
to single action potentials in the presynaptic neuron recorded at40mVand near the chloride
reversal potentials (60 mV). The shaded region is shown below at an expanded time base.
Mean latency of the inward current was significantly longer than for the outward component.
Average data for mean latencies is shown on the histogram on the right (n 8). c, Disynaptic
current is mediated by GABAergic excitation of a glutamatergic principal neuron. Disynaptic
current recorded in a postsynaptic cell voltage clamped at40mV in response to single action
potentials in the presynaptic neuron. NBQX (10 M) selectively blocks the inward current,
whereas subsequent application of bicuculline (10M) abolishes the remaining outward cur-
rent (left panels). Application of bicuculline (10 M) to a naive slice eliminates both compo-
nents of the postsynaptic response (right panel).
Figure 3. Feedback excitation in parvalbumin-positive interneurons. a, Firing phenotype
(top left) of an interneuron in response to a 600 ms depolarizing suprathreshold current injec-
tion. The bottom traces show superimposed single action potentials evoked by a brief (2 ms)
current injection, which were followed by feedback EPSPs (arrow). b, When the neuron is
voltage clamped at70 mV, a brief (0.5 ms) voltage step to 0 mV leads to an unclamped
“action current” (truncated) that results in GABA release and a feedback EPSC. Trials in which
EPSCs were not observed (failures) were averaged, and individual trials of EPSCs subtracted
from the failure average to reveal pure feedback EPSCs (trace at bottomof panel). c, EPSCs from
feedbackexcitationare larger than spontaneousEPSCsand fluctuate inamplitude. Traceson the
left (top panel) are individual sweeps of feedback EPSCs evoked by brief voltage steps in voltage
clamp. Average EPSC is shown on the right. Bottom panels show superimposed sweeps of
spontaneous EPSCs in the same neuron aligned at their peak. The average spontaneous EPSC is
shown on the right. Histogram plots amplitudes of feedback EPSCs and spontaneous EPSCs.
Traces at the bottom show normalized evoked and spontaneous EPSCs superimposed; note the
slower rise timeof the feedback EPSC.d,Meandata showing the 10–90% rise timeof averaged
but not individual feedback EPSCs were longer than for spontaneous EPSCs because of variabil-
ity in the onset of feedback EPSCs. *p 0.05. e, Mean data of decay time constants of feedback
EPSC and spontaneous EPSC. Error bars indicate SEM.
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ward and feedback excitation (4 of 5 vs 6 of 162; p 0.001, 2
test). Our data therefore suggest that this GABAergic excitation
may be used to recruit interneurons belonging to the same net-
work. Consistent with this, we found that of the five pairs exhib-
iting both feedforward and feedback excitation, two were also
electrically coupled with gap junctions (Fig. 5d). Once again, this
represents a greater than expected probability (2 of 5; 40%) than
chance (in total, 11 of 162 recorded pairs were electrically cou-
pled; p 0.01, 2 test).
The recruitment of interneuron networks requires that the
glutamatergic activation of interneurons be suprathreshold, ei-
ther through strong individual synapses or the concerted action
of several principal neurons. We confirmed that this could occur
both in paired recordings, and in recordings from single inter-
neurons that exhibited feedback excitation (Fig. 5e) in which
both feedforward and feedback excitation could drive an inter-
neuron to threshold. Together, these data suggest that potent
GABAergic excitation by AACs in the basal amygdala provides a
mechanism for the synchronized recruitment of interneuron
networks.
Discussion
We have shown that, in a population of GABAergic interneurons
in the basal amygdala, single action potentials can evoke disyn-
aptic feedforward and feedback glutamatergic EPSPs onto similar
interneurons. Feedforward excitation that can drive local pyra-
midal neurons to threshold has recently been described for cor-
tical axoaxonic interneurons (Szabadics et al., 2006). The fact that
interneurons in the amygdala that generate disynaptic excitation
express parvalbumin, and their axons make cartridge synapses
suggests that they are similar to the axoaxonic interneurons in the
cortex. However, in contrast to the hippocampus and cortex, in
which AACs selectively innervate the axon initial segment of py-
ramidal neurons with cartridge synapses (Howard et al., 2005),
we have shown that these interneurons in the amygdala make
cartridge as well as basket synapses. Furthermore, they clearly
innervate both principal neurons as well as other parvalbumin-
positive interneurons. Thus, after single action potentials in a
presynaptic AAC, a biphasic GABAergic–glutamatergic event se-
quence is evoked in postsynaptic interneurons. Our data indicate
that the interneuron targets of the activated principal neurons are
highly connected by both chemical and electrical synapses, sug-
gesting that a major function of AACs may be to trigger the re-
cruitment of homogeneous interneuron networks.
Our evidence for the recruitment of glutamatergic principal
neurons as the source of the feedback EPSP is indirect. However,
other possibilities for the delayed excitation can be excluded.
Thus, the possibility of delayed, asynchronous corelease of both
GABA and glutamate from the interneuron can be ruled out
based on the sensitivity of the glutamatergic response to bicucul-
line, as can the possibility of direct activation of a principal neu-
ron via the patch pipette. Rebound spiking in a principal neuron
after a hyperpolarizingGABAergic IPSP (Cobb et al., 1995) is also
unlikely because GABAergic IPSPs in BL principal neurons last
200ms before returning to baseline. This is 2 orders ofmagnitude
slower than the latency of feedback excitation. Because interneu-
rons in the basal amygdala do not extend axons outside of the
nucleus (Kemppainen and Pitkanen, 2000; McDonald and
Betette, 2001), and the only local source of glutamate is from BL
principal neurons, the glutamatergic response can only arise
from local principal neurons. Furthermore, all four successfully
reconstructed cells exhibiting feedback excitation had axons con-
fined to the BL, and all exhibited closely spaced rows of boutons,
or axonal cartridges. These cartridges are a hallmark of axoaxonic
cells in cortex, hippocampus, and amygdala (Howard et al., 2005;
Muller et al., 2005), the type of interneuron that has recently been
reported to directly excite cortical layer 2/3 pyramidal neurons to
threshold (Szabadics et al., 2006). Thus, given the similarity of
this finding to that reported for cortical AACs, and the lack of a
plausible alternative explanation, we suggest that AACs of the BL
can also directly depolarize local principal neurons to threshold.
Parvalbumin-expressing interneurons in the basolateral
amygdala have been shown to make basket as well as cartridge
synapses, and in some instances, these two synapses appear to be
continuous (McDonald and Betette, 2001). However, because in
both the cortex and hippocampus, AACs selectively target the
axon initial segment (Howard et al., 2005), these authors con-
cluded that these two synapses are likely to arise from different
interneurons (McDonald and Betette, 2001). Our data show that
single parvalbumin-expressing interneurons can form both types
of synaptic contacts (Fig. 4). Although the resolution of ourmor-
phological approach does not allow us to draw a definitive con-
clusion, we suggest that these two structures may be continuous
in the amygdala. Because interneurons that evoke GABAergic
excitation form basket synapses, it is conceivable that, as well as
cartridge synapses on the initial segment, basket synapses could
contribute to the potent GABAergic depolarization we describe.
Thus, for example, depolarizing actions of GABA have been de-
scribed on adult neurons (Golding and Oertel, 1996; Gulledge
and Stuart, 2003). However, perforated-patch recordings from
neurons receiving somatic GABAergic input have revealed only
hyperpolarizing or weakly depolarizing GABA responses from
rest (Martina et al., 2001; Gulledge and Stuart, 2003; Szabadics et
Figure 4. Axoaxonic interneurons produce suprathreshold GABAergic excitation. Shown are
recordings from a GFP-positive interneuron that shows feedback excitation. a, Single action
potentials (APs) shown on an expanded scale have been superimposed. Action potentials are
followed by a feedback EPSP (arrow). Action potential peaks have been truncated for clarity. b,
Under voltage clamp (Vh,70mV), abrief (0.5ms) voltage step to0mVevokes a feedback EPSC
(arrow). c,d, Examples of axonal cartridges (arrowheads) in the cell shown in a andb. e, f, Cells
with feedback excitation possessed axon terminals that formed pericellular baskets (arrows)
around the somata (s) of putative principal neurons. Some pericellular baskets (arrow) appear
continuous with an axonal cartridge (e, arrowhead).
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al., 2006). For somatic GABAergic inputs
to drive some neurons to threshold would
require the presence of a significantly re-
versed chloride gradient in the soma of a
population of pyramidal neurons. This
would need, as is seen in immature neu-
rons, either very high expression of the
Na–K–2Cl cotransporter NKCC1,
very low expression of KCC2, or both. Al-
though developmental studies have not
shown such a distribution in adult neu-
rons in other brain regions (Gulyas et al.,
2001; Yamada et al., 2004; Takayama and
Inoue, 2006), it remains possible that such
a scenario is present on a subpopulation of
pyramidal neurons in the basal amygdala.
Increasing evidence indicates that syn-
aptic connectivity is not determined ran-
domly. Reciprocally connected neurons
are more common than would be ex-
pected from randomconnectivity (Song et
al., 2005), and the strength of synapses in
reciprocally connected pairs is stronger
than for unidirectionally connected
pairs (Yoshimura and Callaway, 2005;
Yoshimura et al., 2005). Synaptically con-
nected neurons also receive a greater de-
gree of common input than do uncon-
nected pairs (Song et al., 2005; Yoshimura
and Callaway, 2005; Yoshimura et al.,
2005). Consistent with this organization,
we have shown that interneuron pairs re-
ceiving both feedforward and feedback
glutamatergic excitation had a strong
preference for being bidirectionally con-
nected by GABAergic synapses. Although
we could not unambiguously confirm that
the same principal neuron(s) innervated
the two interneurons, activation of a single
AAC led to the simultaneous depolariza-
tion of downstream interneurons via at
least one principal neuron intermediary.
Furthermore, pairs receiving simulta-
neous feedforward and feedback excita-
tion were alsomore likely to be electrically
coupled. Together, these data suggest that
one consequence of AAC activation is the
recruitment of interneuron networks.
The remarkable potency of the depo-
larizing effect of AACs is likely to have
profound implications for network activ-
ity. Although similar data are not available
for the amygdala, hippocampal and corti-
cal axoaxonic cells are known to innervate
large numbers of pyramidal neurons
(Howard et al., 2005), and AACs clearly
provide excitation powerful enough to re-
cruit at least some fraction of these neu-
rons. In a study of cortical layer V pyrami-
dal neuron connectivity, it was found that
the pyramidal neuron network consisted
of a skeleton of rare, strong connections
that clustered together and were embed-
Figure5. Excitatory interneuronsdrive local recurrent circuits.a, Paired recording fromtwoEGFP-positive interneurons. A train
of action potentials in the presynaptic interneuron evokes depolarizing EPSPs in both the postsynaptic and presynaptic interneu-
rons (arrows). Application of bicuculline abolishes EPSPs in both the presynaptic and the postsynaptic neuron. Note the electrically
coupled spikelets that remain in the presence of bicuculline, indicating that the two interneurons are electrically coupled.b, Single
glutamatergic neuron provides input to presynaptic and postsynaptic interneurons. A paired recording from two interneurons is
shown. Presynaptic cell is held in current clamp, and the postsynaptic cell is voltage clamped to40mV. A single action potential
in the presynaptic cell evokes correlated excitation in both cells as indicated by the correlation in presynaptic and postsynaptic
event latencies (graph on right). c,d, Interneuron pair inwhich both cells received excitation fromactivated principal neurons and
are also connected by bidirectional GABAergic synapses (c) as well as by electrical synapses (d). c, Traces show the response in the
postsynaptic neuron to an action potential in the presynaptic neuron. An action potential in neuron A evokes an outward current
followed by a delayed large inward in neuron B (traces on left). An action potential in cell B evokes a GABAergic IPSC and a small
glutamatergic current in cell A (traces on right). The arrows indicate voltage-clamped spikelets. d, Gap junctional coupling of
connected interneurons. Hyperpolarizing current injection into one cell evokes large hyperpolarization in that neuron and a
smaller hyperpolarization in the electrically coupled interneuron. The presence of the gap junctional connection is seen as a
“spikelet” in the postsynaptic neuron accompanying the presynaptic action potentials in c (arrows). e, f, Feedforward or feedback
excitation candrive interneurons to threshold.e, Paired recordings froman interneuronpair inwhich single actionpotentials in the
presynaptic cell evokes a delayed EPSPs in the postsynaptic interneuron driving it to threshold in some cases. f, Superimposed
traces fromasingle interneuron inwhicha single actionpotentials generates feedbackexcitation that evokes a second interneuron
spike. The shaded area is shownon an expanded scale in the bottompanel and illustrates a feedback EPSP (arrow) after the second
action potential. Schematic diagrams above each figure illustrate circuit configuration.
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ded in a background of more numerous but weaker connections
(Song et al., 2005). Activation of just a small number of these
strong connections could lead to postsynaptic spiking. Given that
these strong connections are clustered, and the highly nonran-
domnature of synaptic connectivity, it is conceivable that pyramidal
neurons with strong connections may be the recipient of suprath-
reshold AAC excitation. This provides an ideal mechanism for the
rapid activationof large numbers of pyramidal neurons, as occurs in
the transition from a hyperpolarized network Down state to the
depolarizedUpstate (Steriadeetal., 1993;Cossart et al., 2003;Haider
et al., 2006), a phenomenon that has been observed not only in the
cortex but also in the amygdala (Collins et al., 2001).
In summary, we demonstrated a powerful form of GABAergic
excitation in the basal amygdala. Excitation arises from axoax-
onic cells and is frequently suprathreshold to glutamatergic prin-
cipal neurons, resulting in the subsequent depolarization of
downstream interneurons. We show that interneurons targeted
by the activated principal neuron are frequently connected by
bidirectional GABAergic as well as electrical synapses, implying
they belong to a single network. This form of GABAergic excita-
tion provides an ideal means both for the repeatable activation of
neuronal ensembles and for the recruitment of homogeneous
interneuron networks.
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